
CZ'..RTy CLASS,CCATIU OF "-IS 5AGE

REPORT DOCUMENTATION PAGE
a4. REPORT SECURITY CLASSIFICATION 10 RESTRICTIVE MARKINGS

ULASSIFIED NONE

la. SECURITY CLASSIFICATION AUTH'ORITY 3 DISTRIBUTION /AVAILABILITY OF REPORT
____________________I___ Approved for public release.

DECLASSIFICATIONtOWVNGRtADING SCHEDULE Di stri but ion unlIimi ted.

C) ERFoRMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMER~

1.0 Technical Report No. 15 I\.

00 __ ___

NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MO0NITORING ORG5ANIZATION

oo Massachusetts Institute (if applicable) ONR
o of Technology I_______

40 ~ORESS (City, State. Ord ZIP Code) 7b. ADDRESS (City State, and ZIP Code)

77 Massachusetts Avenue, Room 1-306 800 North Quincy Street

Cambridge, MA 02139 Alntn A227 1

I lAME OF FUNDING /SPONSORING 8 b OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
RGANIZATION (if applicable)
DARPA 1 _______ N00014-86- -0768
~DDESS (City, State, and ZIP Code) I0 SOURCE OF FUNDING NUMBERS

10WisnBueadPROGRAM IPROJECT ITASK WORK UNIT
1400lilon Boulevard ELEMENT NO. NO. NO ACCESSION NO.

I1. TITLE (include Security Clas.;,iocarion)R & T.Co e IA 4 0 5

MOLECULAR STRUCTURE OF AMORPHOUS BISPHENOL-A POLYCARBONATE

12. P'e'WLTtSRAik, Ali S-. Argon, and Ulrich W. Suter

I]&. T1g'EPFREPORT 13b TIME RLED ~ 14. 0Ab6R~R L r. Month. Day) 115 PAGE COUNT
,si rat IFROM _____ToO~ 989,Iay tI

16. SUPPLEMENTARY NOTATI N
Absrc oI or'al presentation to be made at the American Chemical Society Symposium on
Computer Simulation of Polymers on September 11-14, 1989 at Miami Beach.

17 COSATI CODES '8 SU.BJECT TERMS (Continue On reverse if ntcfuary and identify by block numbier)
FIELD GROUP- SUB-GROUP Molecular structure of glassy polycarbonate, ring

rotations, computer simulation.

19 AUSTRAT (Continue on reverse if necesary And--<dontify by block number)
A detailed atomistic molecular mechanics model has been developed for the

polycarbonate of bisphernol-A (PC) and is employed here to generate dense (glassy)
microstructures. The resulting microstructures are being used to investigate the
inelastic behavior of PC. The phenylene ring flip is a feature of PC which has been
widely studied using various NMR techniques. It is the simplest of inelastic processes
and is amenable for simulation and study. The energy barrier to the ring flip has
beenoobtaIped using the minimized structures, and the calculated mean energy barrier
is 10.4 ()6.0) Kcal/mol e. This' value agrees very w~ell with the N11P, results that
have been reported. ~ 4* (-, A

20 DiSTRiBUTION IAVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
8UNCLASSIFIED/UNLIMITED 0 SAME AS OPT 0 :)TIC UjEQS Uncl assi fied

Ila NAME OF RESPONSIBLE INDIVIDUAL 121) TEP).ONE (In/W Area Code) I22c OFFICE SYMODr. Kenneth Wynne 1 u2696-4 0MO
OD FORM 147384 MAR 83 APR oqlon ma~y be uj1CO ntIl exh~austed. SECURITY CLASSIFICATION OF THIS PAGE

All other editions are obiolete l@SU

I9 -103



( (To be fille In b Olvilo)

I DIVISIO N O F Po lym er Chemistry 
Pa e be s i sted

p B. TITLE OF PAPER Molecular Structure of Amorphous Bisphenol-4 on program
Polycarbonate

Time Required for
Presentation
- Poster Presentation

Preferred

[ AUTHORS FD Business Mailing Address Including F' ACS Division [ American Chemist
Underline name of speaker - 2 ip Code and telephone Number Member? Member? or Chemical

List Address only once if all authors at 3 Yes K] Yes Engineer?
sMme addrets. st No E] No If not give classificabon such a,

M. Hutnik Massachusetts Institute boogist, physicist, etc. Ph.D?
A.S. Argon of Technology El Chemist
U.W. Suter 77 Massachusetts Ave. C] Chemical

Room 1-306 Engineer
Cambridge, MA 02139 Other

Materials Scientis

NOTE: All presenting authors must register for the meeting -either full meeting registration or one-day registration for the day
of presentation.

[ Work done at M.I.T.

' Plan ACS - nonACS yes publication. Where? Undecided No - Uncertain
CD Specify Equipment Required for Presentation Other than2" x 2" slide or overhead (transparency) projector none

W1 ABSTRACT. Please be BRIEF-150 words maximum if possible. Title of paper should be ALL CAPS, author(s) listed by
first name, middle initial, last name; indicate full address w/zip code. SINGLE SPACE, BLACK CARBON RIBBON.

DO NOT
US-

MOLECULAR STRUCTURE OF AMORPHOUS BISPHENOL-A
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(*)Massachusetts Institute of Technology Cambridge,MA 02139, (**)Institut fuer
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A detailed atomistic molecular mechanics model has been developed for the
polycarbonate of bisphenol-A (PC) and is employed here to generate dense (glassy)
microstructures. The resulting microstructures are being used to investigate the inelastic
behavior of PC. The phenylene ring flip is a feature of PC which has been widely studied using
various NMR techniques. It is the simplest of inelastic processes and is amenable for simulation,.
and study. The energy barrier to the ring flip has been obtained using the minimized E
structures, and the calculated mean energy barrier is 10.4 (± 6.0) Kcal/mole. This value
agrees very well with the NMR results that have been reported. By
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MOLECULAR STRUCTURE OF of both intra- and intermolecular interactions. Since glass densities
AMORPHOUS BISPHENOL-A POLYCARBONATE are very high, the intermolecular contributions are high and could

potentially dominate the energy barrier. Using the minimized PC
M. Hutnik*, A. S. Argon*, and U. W. Suter" microstructures it is possible to obtain this barrier and compare the

results with the reported experimental values.
()Massachusetts Institute of Technology To calculate the energy barrier to ring flip, a phenylene ring

Cambridge,MA 02139 is incrementally rotated and then 'fixed' while the rest of the
structure is allowed to relax. This process is repeated until a 'flip'

and is performed in the laboratory reference frame. Every ring of one
(**)lnsitut fuer Polymere, ETH-Zuerich microstructure is treated so that a sufficient statistical sample is

CH-8092 Zuerich, Switzerland obtained and possible spanal effects can be studied.

INTRODUCTION RESULTS AND DISCUSSION

A detailed atomistic molecular mechanics model has been A typical rotation path is displayed in Figure 2. It shows the
developed for the polycarbonate of bisphenol-A (PC). The system potential energy vs. torsional angle (true rotation in
technique used has been succ,-ssfully applied earlier to simple vinyl parentheses) for the third ring along the chain. The true rotation is
polymers and is employed here to generate dense (glassy) packing defined as the angle between the plane of the ring at the onset of the
of PC [1,21. The resulting microstructures are being used to experiment and the plane of the ring at present. Figures 3 and 4
investigate the inelastic behavior of PC. The first such application show the microstructure (hydrogens are omitted and the atomic
is the phenylene ring flip which occurs in glassy PC. The ring flip radii are shrunk so that the rotation is easily visible) at two
is a feature of PC which has been widely studied using various different points along the rotation path; Figure 3 contains the initial
NMR techniques 13,4] and as the simplest of inelastic processes is configuration of the chain (torsional angle=57o, true rotation=0O),
amenable for simulation and study using the generated and Figure 4 gives the configuration at the peak energy (torsional
microstructures. angle=l 170, true rotation =550).

In general for the ring flip, preceding the initial energy
MODEL peak the conformational changes that occur as the structure relaxes

are reversible, whereas the conformational changes are irreversible
To be able to model PC, it is necessary to first understand after the energy peaks. This corresponds to the unrestrained

the intramolecular interactions of the PC repeat unit. We developed relaxation from a saddle point configuration in transition state
a molecular mechanics force field of the PC repeat unit that is theory.
appropriate for the microstructure generation technique, based on The results of the ring flip calculations are as follows (value
fixed bond angles and bond lengths. A Lennard-Jones potential in parenthesis is standard deviation of the mean):
energy function was used to represent the Van der Waals
interatomic interactions while the Coulombic interactions are 34 barriers calculated
represented as a truncated Block-Walker potential [2,51. Intrinsic mean energy barrier = 10.4 (±6.0) Kcal/mole
torsional potentials specific to PC were constructed and are
included in the force field. The details of the force field will be The frequency distribution of the calculated results of the
described in full at a future time. ring flip are shown in Figure 5.

Amorphous PC microstructures were geierated using the These results compare very favorably to the NMR results
above force field and the modelling technique developed by that have been calculated:
Theodorou and Suter I ]. The model is static, with temperature
-nly entering in the choice of the density. and includes spatially Proton spin-lattice relaxation:

riodic continuation. The periodic cube edge length is 18.44 12 Kcal/mole [31
.i.ngstroms, the degree of polymerization is 17. and the density is
1.20 g/cm 3 , which is the experimental value at 298 K. Dipolar Rotational Spin-Echo 13C NMR:

Initial chain conformations of the microstructures were II Kcal/mole (41
generated using a Monte Carlo technique with the rotational
isomeric state scheme previously developed for PC [6]. A staged ACKNOWLEDGEMENTS
energy minimization procedure is then applied to the
microstructure to obtain well relaxed, amorphous systems (Figure We gratefully acknowledge financial support by DARPA
I, hydrogens are omitted for clarity). No vestiges of crystallinity and the Office of Naval Research under contract No. N00014-86-
are observed. The energy minimization for PC is not straight K-0768. We would also like to thank Dis. F. Gentile and P. 1.
forward, requiring approximately 30 stages in which the atomic Ludovice from ETH for many invigorating discussions.
radii and the partial point charges are gradually 'blown up'. The
difficulty of ,. minimization is due to the size of the rigid moiety REFERENCES
in the PC repeat unit. 12 minimized microstructures have been
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The phenylene ring flip that occurs in PC has been a topic of

intense experimental investigation using various NMR techniques
[3,4). The energy barrier of the ring flip is due to a combination
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Figure 3. Initial configuration of chain ( hydrogens omitted and
atomic radii reduced for clarity),
torsional angle = 570, true rotation = 0o.

Figure 1. Periodic cube of PC. hydrogens omitted for clarity. ...-
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Figuie 2. Ring flip rotation path for the third ring along the 15
chain. ~12-

6 Moon energy borrier= 10.4 (±6.0) Kca/rmole

0 i ! i e! I

0 3 6 9 12 15 18 21 24
Energy Barrier (Kcal/mole)

Figure 5. Frequency distribution of the energy barriers.


